Abstract: This paper presents an investigation of sewage sludge gasification in a fixed bed gasifier. Experiments were conducted on a laboratory scale fixed bed gasifier. In the experiments, two types of dried sewage sludge were tested and their properties were analysed. Parameters such as air ratio λ = 0.12 to 0.27, gasification agent temperature t = 50 to 250 °C and gasification agent composition ( = 0.21 and > 0.21) were found to influence on temperature distribution, syngas Lower Heating Value (LHV) and syngas composition. The results indicate that the syngas LHV was found to decrease with increased air ratio for all analyzed cases: cold and preheated air and cold enriched air. The increase in the percentage of the main combustible components was accompanied by a decrease in the concentration of carbon dioxide. Increasing oxygen concentration increased the temperature, which tended to favor the formation of smaller molecules in the gas mixture. Thus, the enriched air medium produced a gas with a higher LHV. In contrast to conventional gasification, gasification process with gasification agent preheating causes that the flux of heat necessary to support endothermic gasification reactions is producing more effective. Air preheating causes increases hydrogen and carbon monoxide production.
Introduction
Significant increases in the amount of sewage sludge has become a common environmental problem globally. Thus, the need for a proper waste management strategy is inevitable as it is a vital part of sustainability and environmental protection [1] . An appropriate approach should minimize the amount OPEN ACCESS of sewage sludge and maximize its recovery to useful utilization [2] . On an international level, proper sewage sludge management-as one means for mitigating carbon emission-is well recognized in the Kyoto Protocol. In terms of climate change policy, the Kyoto Protocol is considered to be the most crucial driver for the utilization and diffusion of waste-to-energy (WTE) technology [3] . The thermo-chemical conversion of sewage sludge consists of four main processes: combustion, co-combustion, pyrolysis and gasification. One of the promising thermo-chemical conversion technologies that can be used to convert sewage sludge to useful energy forms suited for small to medium size throughput is gasification [4] . Depending upon the gasifying medium used the gasifiers are basically classified as oxygen, steam or air blown gasifiers. The gasification process proceeds in four steps viz. drying, pyrolysis, oxidation (combustion) and reduction (char gasification). In a typical gasifier drying occurs at a temperature of less than 150 °C, pyrolysis occurs in the temperature range of 150-700 °C, oxidation occurs in the range of 700-1500 °C and reduction occurs in the range of 800-1100 °C [5] . Gasification takes places in gasifiers. They are categorized as (a) fixed bed (also known as moving bed), (b) fluidized bed and (c) entrained flow gasifiers depending upon how the gas and fuel contact each other [5] . Depending upon the pressure used the reactors are classified as atmospheric or pressurised. Also, if the reactors are heated by an external source, then they are known as allothermal or indirectly heated reactors and if the heat is provided by the partial combustion of feedstock they are known as auto-thermal or directly heated reactors [5] .
Gasification converts the materials into a gas by creating a chemical reaction. This reaction combines those carbon-based materials (known as the feedstock) with small amounts of air or oxygen, breaking them down into simple molecules, primarily a mixture of carbon monoxide and hydrogen, and removing pollutants and impurities. What's left is a clean "synthesis gas" (syngas) that can be converted into electricity and other valuable products. It can be combusted or co-combusted in power boilers, industrial furnaces, combustion engines and gas turbines. The fact that gasification occurs at a much smaller oxygen level than is the case of combustion processes should be first and foremost taken into account. Therefore, the quantity of gaseous products (particularly oxides) is smaller, and the gas cleaning system may be much less extensive. Previous studies [6] have shown that the gasification of sewage sludge in fixed bed reactors (and the downdraft version of these reactors) produce a gas with a relatively low tar content because of the decomposition and oxidation of the tar products that pass through the high-temperature combustion zone during gasification. Encouraging studies on sewage sludge gasification in a pilot-scale updraft fixed-bed gasifier have been reported by Seggiani et al. [7] . Results on sewage sludge gasification in a laboratory scale downdraft have been reported by many researchers [8] [9] [10] . Werther et al. [11] and Nilsson et al. [12] have carried out gasification experiments with sewage sludge in fluidized beds.
Performance produced gas composition of a gasification process is dependent upon the feedstock characteristics, the reactor design and the operating parameters [13] . Feedstock characteristics that have been found to have major influence on the gasification process are moisture content, volatile matter, ash content, char and thermal conductivity [13] . Sewage as a fuel is characterized by completely different properties in comparison to conventional biomass. It is observed that sewage sludge feedstocks tend to have less volatile components (approximately 50% on a dry basis) than biomass (around 70%) [14] . Due to this fact, gasification of sewage sludge (in contrast to other forms of solid biomass, such as wood, agricultural wastes, and energy crops) is still insufficiently explored.
Conducting scientific and development research in this field is still valid. This makes that the research, on which this paper focuses, becomes important. This article reports on a multi-parameter analysis of the sewage sludge fixed-bed gasification process.
Experimental

Apparatus
A scheme of the fixed bed gasification facility is shown in Figure 1 [15] . The main system component was a stainless gasifier, with a 150 mm internal diameter and a total height of 300 mm. The reactor was well insulated to prevent major heat losses. Granulated sewage sludge from the container was fed into the reactor. After approximately 120 min, the reactor was heated. The gasification cold air and preheated air flow rate/enriched air flow rate to the reactor was adjusted to ensure a specified air ratio. Once producer gas production began, the measurements of key parameters were started. As the sewage sludge was gasified, the ash produced was gradually discharged from the bed. The bed was maintained at a constant height by the addition of fuel at regular time intervals. A fraction of the gases produced during gasification was first passed through a condensing system which condensed out the condensable, followed by a set of filters for particulate removal to allow clean gas to enter the gas analyzer. The aim of the particle measurement systems was to extract a sample of the hot product gas, without changing the size distribution and composition of the Particulate Matter (PM), to allow PM characterization using various instruments and analysis techniques. Representative gas samples were also collected in Tedlar © gas bags for off-line measurements. The gases were subsequently analyzed using a gas chromatograph Agilent 6980 N series. The same procedure was repeated at different air ratios. Uncertainty in the measurements might have arisen from errors in the mass balances and volumetric apparatuses. In this experiment, all parameters were measured by appropriately calibrated laboratory equipment. The gasification agent flow rate and the syngas flow rate were measured by flow meters. The syngas was transported from the gasifier by a pipe. The syngas was cleaned by a cyclone, a scrubber and a drop separator. 
Fuel Properties
In the experiments, two types of dried sewage sludge were tested and their properties were analysed. Sewage sludge No. 1 (SS1) was taken from a wastewater treatment plant operating in the mechanical-biological system and sewage sludge No. 2 (SS2) was taken from mechanical-biological-chemical wastewater treatment plant with phosphorus precipitation. In both analyzed cases, the biological part of the wastewater treatment plant has worked with low load activated sludge. Thanks to it, effective removal of nutrients (phosphorus and nitrogen) from wastewaters is allowed. Additionally, in both analyzed cases, sewage sludge is stabilized by anaerobic digestion and dewatering. After it, sewage sludge is dried. In the case 1 (SS1), sewage sludge was dried in cylindrical dryer with a heated shelf. The temperature of hot air was equal to 260 °C (high temperature). In the case 2 (SS2), an air belt dryer was used. The temperature of hot air in this case was equal to 150 °C (low temperature). As a result, sludge SS1 had a granular form of, while sludge SS2 was in the shape of irregular thin "pasta" (Figure 2 ). The qualitative chemical analysis of the dried sewage sludge and waste by-products produced during gasification covered the concentrations of major elements (carbon, hydrogen, nitrogen, chlorine, fluorine, sulphur and oxygen) and selected heavy metals (zinc, selenium, lead, nickel, mercury, copper, chromium, cadmium, arsenic). The concentrations of the major elements were assayed using automatic measurements with an IR analyzer. The heavy metals were determined by plasma or absorption spectrometry. The assays carried out in the liquid products covered: total organic carbon using an automatic analyzer and ammonia nitrogen concentration (spectrophotometer).
The authors of earlier works in this field [16] assayed moisture, volatile fractions, ash, heat of combustion and their calorific value as well. As for the ash, indicators characteristic of its tendency towards slagging and fouling of heated surfaces as well as agglomerate formation were determined. The assays of moisture, volatile fractions and ash were conducted with the gravimetric methods given in the following standards PN-EN 14774-3:2010 [17] , PN-EN 15402:2011 [18] and PN-EN 15403:2011 [19] , respectively. The higher heating value was determined by the calorimetric method while the lower calorific value was calculated, using the mass fractions of the major elements in a sample. The characteristics of the two sewage sludges are given in Table 1 . In order to identify any potentially dangerous substances existing in the sludge a chemical analysis has been done ( Table 2) (Table 2 ) was four times higher in SS1 than in SS2. This was mainly connected with the origin of the sludge. SS2 is taken from a wastewater treatment plant operating in the mechanical-biological-chemical system. Organic impurities from the sludge were removed in the third stage of the system.
The organic contaminants identified in the sewage sludge also included pesticides and polychlorinated biphenyls. It is worth mentioning that SS1 revealed the presence of three pesticides (heptachlor, aldrin, endrin) from the group of those commonly found in the natural environment in Poland (heptachlor, hexachlorocyclohexane, heptachlor epoxide, aldrin, endrin) [20] . Like the group of polycyclic aromatic hydrocarbons, the total concentrations of pesticides and polychlorinated biphenyls (PCBs) were higher in SS1 than SS2. The heavy metal content analysis shows that their total concentration in the sludge is similar in both cases: 1 841.19 mg/kg for SS1 and 1 847.6 mg/kg for SS2. Big differences have been noted in the chromium concentrations of the analyzed sludges, as the Cr concentration in the case of the SS2 was three times higher in comparison to sludge SS1. Figure 3 shows the evolution of the H2, CO, CO2 and CH4 concentrations in gasification gas with varying air ratios for both analyzed sludges. Air ratio is a parameter that quantifies the amount of air/oxygen per unit mass of fuel, as compared to the theoretical amount of air/oxygen needed for complete combustion. This parameter is quite often used in Europe in comparison to equivalence ratio, as a reverse of the air ratio, which is most often used in the US. Hence the optimum air ratio that favors gasification (incomplete combustion) resulting in combustible gases like CO, rather than the case of complete combustion with an air supply that mainly produces CO2 need to be determined. In this study a number of gasification experiments were done by varying the air ratio from 0.12 to 0.27. Analyzing this figure it can be confirmed that throughout the range of analyzed air ratio volumetric fraction of main combustible components of gasification gas (CO and H2) are higher in the case of the SS1 (positive aspect) in comparison to SS2. At lower air ratio values, CO composition was found to be low and it starts to rise to the optimum air ratio of 0.18 and later drops for higher air ratios. The maximum CO average composition values of 31.3% for SS1 (and 26.9% for SS2) were obtained for gasification at λ = 0.18. CO2 shows an inverse relation with CO as the reactions that produce those gases are competing for the same reactant, namely carbon. The concentration of carbon dioxide is generally expected to be the smallest of the optimal air ratio range between 0.18-0.24. Rapid growth of CO observed in the value of the air ratio equal to 0.18 is caused by the dominant role of the primary water gas reaction. The reactions that can occur in the gasifier as a result of the gasification agent flow can be categorized as the reaction of gasification agent and carbon in the fuel and the reaction of gasification agent and CO in the gas. The reaction of gasification air and carbon is an endothermic process that generates mainly CO, whereas the reaction of gasification air and CO is an exothermic one, that generates mainly CO2 (and H2). When gasification air is fed with the fuel into the reactor, the endothermic reaction of air and carbon occurs first (e.g., primary water gas reaction CO + H2O → CO + H2), and the CO in a gaseous state produced from the fuel reacts with the residuals causing next reactions (e.g., water gas shift CO + H2O ↔ CO2 + H2). Thus, the composition of H2, CO and CO2 in the gasification gas changes according to the amount of the air supplied to the reactor. On the Figure 4 there is presented dependence of the lower heating value (LHV) of obtaining gas versus an air ratio. The lower heating value (LHV) in MJ/m 3 n of the syngas was estimated using the formula given below [21] :
Results and Discussion
Influence of the Air Ratio on the Syngas Composition
Analyzing Figure 4 , it can be concluded that taking into consideration the lower heating value LHV of the gasification gas there is the optimum value of the air ratio equal to 0.18 in which the LHV adopts its maximum value. It is true irrespective of the sewage sludge type. Above that optimal value, the thermochemical process could be shifted from gasification to combustion. Figure 5 demonstrates that the use of hot air for sewage sludge gasification was able to produce gasification gas with a superior heating value compared to low temperature gasifiers, which produce producer gas with LHVs ranging up 5.12 MJ/m 3 n. It is caused by the increment of the yield of the main producer gas components, CO, H2 and CH4, which were enhanced by increasing the gasification agent temperature. This is mainly due to the endothermic reactions involved in the gasification process which become more dominant at higher temperatures. Similar behavior is also found during catalytic gasification. The high temperature of gasification agent was sufficient to allow for secondary thermocracking reactions that increased the producer gas yield. Figure 6 shows the influence of the gasification agent composition on the LHV of producing gas. The gasification agent studied is composed of nitrogen and oxygen mixtures. The oxygen molar concentration studied was equal to: 21% and 25%. Analyzing the results presented in Figure 6 it can be concluded that the LHV of the producer gas increased slightly with the increment of the oxygen concentration in the gasification agent. This is mainly caused by the lower dilution by the nitrogen.
Influence of the Temperature of Gasification Agent on Syngas Composition
Influence of the Gasification Agent Composition on Syngas Composition
The whole system was also analyzed taking into consideration the energy efficiency. Two parameters were calculated. Cold Gas Efficiency (CGE) was calculated as the chemical enthalpy of the syngas calculated on the basis of its composition related to the chemical enthalpy of the gasified biomass, while Hot Gas Efficiency (HGE) was the total enthalpy of the syngas related to the chemical enthalpy of the biomass. These values vary between 51.2%-58.8% in the case of the CGE, and 55.6%-67.9% in the case of HGE.
Conclusions
The main conclusions from the study are as follows: (i) Original experimental results on sewage sludge gasification are presented in this study. Air/enriched air gasification of sewage sludge was investigated, and a fixed bed reactor was used. Such experiments have not been previously conducted on Polish sewage sludge used as a feedstock in the gasification process. The results obtained showed that gasification of sewage sludge in a fixed bed gasification installation is technically feasible.
(ii) Sewage sludge has a high and worldwide economic potential due to its extremely low price. (iii) The operating conditions (amount of the gasification agent) of the sewage sludge gasification process greatly influence the syngas composition distribution. (iv) Higher values of the main components (especially C and H) in the sewage sludge plant affect the increase of the LHV of gasification gas. (v) Throughout the range of analyzed air ratios (λ = 0.12-0.27) the volumetric fractions of the main combustible components of gasification gas (CO and H2) are higher in the case of the SS1 (positive aspect) in comparison to SS2. (vi) Taking into consideration the lower heating value LHV of the gasification gas there is the optimum value of the air ratio equal to 0.18 in which the LHV takes its maximum value. It is true irrespective of the sewage sludge type. (vii) The yield of the main producer gas components, CO, H2 and CH4, was enhanced by increasing the gasification agent temperature and increasing of the oxygen concentration in the gasification agent.
